Abstract: The aim of this article is to model mechanical behavior of a filamentwound, rubber-based composite tube subjected to uniaxial tension at low temperature by test experiments and FE simulations. Uniaxial tensile tests at sub-zero temperature (-40 °C) have been carried out on standard test specimens and on hose pieces. furthermore, a uniaxial tensile test has been performed on a hose piece at room temperature as a reference experiment. Reinforcement layers of the composite tube are modeled as transversely isotropic, whereas elastomer liners are described by 2 parameter Mooney-Rivlin hyperelastic material model. Temperaturedependence of elastic constants of composite layers is attributed to the temperature-dependence of rubber, so uniaxial tensile tests on standard test specimens needed to be carried out for determining material properties of rubber at sub-zero temperature (-40°C). Force-displacement results of FE models and experiments of standard test specimen and hose piece show good agreement. Likewise, forcedisplacement curves of reference experiment (carried out at room temperature) and its related FE simulation are in good agreement with each other. Slope of force-displacement curves of hose piece at -40 °C is nearly 3.4 times the slope of force-displacement curves of hose piece at room temperature.
Introduction
Filament-wound composite tubes are widely used in a number of industrial fields in a wide temperature range, in oil industry, in transportation and aeronautics due to their favorable strength-to-weight and stiffness-to-weight ratio and corrosion resistance. [1] . Filament-winding is the most extensively used manufacturing process because of high volume fraction, low void content and good automation capability [2] . The most commonly encountered operational loads are: internal pressure, uniaxial and biaxial loading, and bending. For balancing internal forces, winding angles of ±Θ are typically adopted. Winding angle of a layer is usually set to ±55°, which is the optimal value regarding biaxial loading (combined internal pressure and axial loading) [3, 4] . Utilization of rubber as the matrix component gives high flexibility and toughness. One efficient method of acquiring material properties of a composite is performing uniaxial tensile test on a standard test specimen cut from the hose or on a hose piece itself.
Mechanical characterization of composite tubes is most frequently carried out by finite element models [5] . Utilization of formulae of rules of mixture is the most frequent practice for determining elastic constants of a composite. Elastic constants are derived from material properties of the reinforcing yarn and the matrix. In most FE models, plies are modeled as laminates whose elastic constants are generally obtained with the use of the rules of mixtures [6] .
In cold environment, modulus of elasticity of matrix increases significantly, while modulus of elasticity of yarns is regarded as constant. Yarn waviness persists, and the resulting load distribution across all yarns becomes less uniform. Therefore, at low temperatures some yarns will share more load than others and fail earlier, resulting in progressive failures of other yarns, thus strength of the composite diminishes [7, 8] . Because the growth in the modulus of elasticity of matrix, during uniaxial tension of the composite tube, the role of the matrix becomes more prominent [9] .
Micromechanical behavior of composites also changes with temperature. While at room temperature, matrix cracking has a crucial role in crack initiation; at low temperature, yarn-matrix debonding is much more characteristic because yarnmatrix interface becomes weaker [10] .
In this paper, mechanical behavior of a filament-wound composite tube utilized for the passage of air in rail brake systems is investigated. Determination of mechanical properties at low temperature (-40°C) is presented in detail as well as the comparison of mechanical behavior of the composite tube at low temperature (-40 °C) and room temperature. Reinforcement plies are surrounded by rubber liners, made of EPDM-EVA copolymer, whose leading role is sealing and protecting reinforcement plies from mechanical impacts. 
Material model of composite tube
Material behavior of composites can be described by an anisotropic model in the most general case. Since in this case, the number of independent elastic constants is relatively high (21), obtainment of elastic constants tends to be challenging. Thus generally, the highest order of symmetry is taken into account. Filamentwound composite tubes are most commonly regarded as transversely isotropic because of being uniaxially reinforced, having 3 mutually perpendicular planes of symmetry, the one perpendicular to the yarns is a plane of isotropy (E2=E3, G12=G13, υ12= υ13). Therefore, the number of independent elastic constants can be reduced to 5 (E1, E2, G12, G23, υ12) [11] .
Poisson's ratio of the yarn is assumed to be ν f =0,2, the Poisson's ratio of the rubber is supposed to be ν m =0.5 because the rubber is regarded as incompressible. Elastic constants can be determined based on material parameters modulus of elasticity of fiber (Ef), modulus of elasticity of matrix (Em) and fiber volume fraction (Vf).
Modulus of elasticity of fiber at -40°C equals modulus of elasticity of fiber at room temperature (Ef=2961 MPa), because its temperature-dependence is negligible. Fiber volume fraction is Vf=45% [13] .
Material of the matrix is the same rubber as the liners are made of, because in the course of manufacturing, rubber of rubber liners is vulcanized around yarns. In case of rubber, temperature-dependence is significant [7] , therefore for determining elastic constants at -40°C, it is inevitable to obtain modulus of elasticity of rubber at -40 °C. For this reason, standard test specimen has been cut from the outer rubber liner and has been subjected to uniaxial tension. Modulus of elasticity of rubber at -40 °C has been determined based on these tensile test results. The calculation method of elastic constants of reinforcement plies is as follows [13] :
Matrix volume fraction is:
Shear modulus of fiber is:
Modulus of elasticity in direction 1 is:
Applying the formulae presented in [11] and [12] , the modulus of elasticity in directions 2 and 3 and shear moduli are:
Since Gf12=Gf23, we can state that G12=G23.
Poisson's ratios of one ply are [6] :
Contraction in plane 23 is mainly determined by the mechanical behavior of rubber, so
Uniaxial tensile test of rubber test specimen, material properties of rubber
The test specimen has been cut in thickness direction in accordance with standard ASTM D638, thus the thickness of the test specimen is 2.4 mm, equal to the thickness of the outer rubber liner. Lateral section of the rubber test specimen, along with its dimensions, can be viewed in Figure 2 . The traction of the test specimen has been conducted to a displacement of 16.5 mm, at which the specimen has ruptured. Force-displacement results have been measured during the tensile test.
Figure 2. Lateral section of rubber test specimen [13]
Engineering stresses can be calculated based on initial cross-section A0 = 11.2 mm 2 and measured traction force F.
By using distance between grips l0=55 mm and change in length Δl, engineering strains can be calculated:
Resulting engineering stresses can be viewed as a function of resulting engineering strains in Figure 3 . 
According to data provided by the manufacturer, Shore hardness of the rubber at -40 °C is H=95 ShA.
Shear modulus of rubber can be estimated based on Shore hardness of the rubber [14] :
Modulus of elasticity of rubber can be estimated with use of the estimated shear modulus of rubber:
The modulus of elasticity of rubber estimated with the use of Eq (12) [14] is approximately equal to that determined based on tensile test experiment. Material properties of reinforcement plies at -40°C with the use of modulus of elasticity of matrix and Eq (3) -(7) are as follows:
E1=1345 MPa, E2=E3=57 MPa, υ12= υ13=0.364, υ23=0.496; G12= G13= G23=19 MPa. 
Uniaxial tension of standard test specimen at -40 °C

Tensile test experiment of standard test specimen at -40 °C
Standard test specimens have been cut from the tube in thickness direction containing both the reinforcement plies and the rubber liners, thus their thickness is 8 mm. Their lateral section is the same as depicted in Figure 2 . The tensile test experiment has been performed at -40 °C in a climate chamber as depicted in Figure 5 . The experiment has begun with a pre-load of 5 N. The test has been executed on a Zwick Z250 tensile testing machine with a tensile speed of 5 mm/min to complete rupture at a displacement of 11.7 mm. 
FE simulation of uniaxial tension of standard test specimen at -40 °C
Geometry of the standard test specimen is the same as that of the test experiment, its lateral section is shown in Figure 2 , its thickness is 8 mm. Rigid tensile jaws have been utilized for gripping the test specimen and for executing traction. The FE mesh comprises second order hexahedral elements to ensure the necessary precision.
Connections
Outer and inner rubber liners are in bonded contact with reinforcement plies. The connections of outer rubber liners and the rigid tensile jaws are frictional with a coefficient of friction of µ=0.8 with formulation 'Augmented Lagrange' [13, 16] . In the first and the second one, standard test specimen is being fixed between the tensile jaws. In the third time step, tension is being applied to the specimen.
In the first time step, the upper tensile jaw at the right end sinks -1.8 mm in Y direction, whereas the lower tensile jaw is still fixed (Figure 6 ). In the second time step, left end of the specimen is being installed. The upper left tensile jaw descends -1.8 mm in Y direction, while the lower right tensile jaw maintains its position.
In the third time step, tensile jaws located at the right end are being displaced 11.6 mm in positive X direction.
Comparison of experimental and FE simulation results
Force-displacement results of experiment (conducted at -40 ˘C) and FE simulation of standard test specimen are shown in Figure 7 .
Figure 7. Force displacement curves of standard test specimen, -40 ˘C
Force displacement curves of standard test specimen are in acceptable agreement in the entire displacement range investigated.
Figure 8. Strain in global X direction at the end of uniaxial tension
At the end of third time step, strain in global X direction is significant, nearly εx=0.23. (Figure 9) Strain and stress results are hereinafter shown for ply 1 (outermost reinforcement ply) at the end of tension in Figures 9-10 and Figure 11 respectively, mean results are listed for each ply in Table 1 and Table 2 . Strains in material direction 1 (yarn direction) are noticeably low ( Figure 9 ) due to the high modulus of elasticity in material direction1, E1= 1345 MPa. (Table 1) because the load is off-axis to the yarns, which induces significant shear stresses ( Table 2 ). Because of relatively low shear moduli, high shear strains arise. The absolute value of shear strains is identical for every reinforcement ply, shear strains in adjacent plies have opposite signs due to the symmetric layup. Strains in material direction 2 have the same distribution as shear strains in plane 12. According to Table 1 , strain components are distributed equally among plies.
Figure 11. Stress in global X direction at a displacement of 11.7 mm
Highest longitudinal stress values arise in reinforcement layers (Figure 11) , whereas approximately half the maximum values arise in rubber liners. This justifies that principally; reinforcement plies bear the load exerted on specimen. Stress components of standard test specimen in material direction 1, material direction 2 and in plane 12 have the same distribution as their strain counterparts. 
Tensile test experiment of hose piece at 40°C
A 150 mm long hose piece has been subjected to uniaxial tension to a displacement of 35 mm. Cross-section of the hose piece specimen can be seen in Figure 1 . Tension has been performed with the help of two steel plugs installed into the hose by pipe clamps and by bonding them to the inner liner of the hose. The hose piece has been put into a climate chamber, whose temperature had been set to -40°C (Figure 12 ).
Hose piece has been pulled with a tensile speed of 5 mm/min and a pre-load of 5 N. 
FE simulation of uniaxial tension of hose piece at -40°C
Geometry of the FE model is identical to that of the experiment. Steel plugs utilized for tension are modeled as rigid bodies.
Connections
Reinforcement plies are in bonded contact with outer and inner rubber liners. The rigid plugs are also bonded to the inner lateral surface of the hose.
Loads, boundary conditions
In the first time step, pressure of 1.5 MPa, representing pipe clamps, is applied to sections of the outer side surface of the hose depicted in Figure 13 . In the second time step, a prescribed displacement of 35 mm is applied to the right end of the right plug. In the meantime, left end of the left plug is fixed. 
Material properties
Material properties of reinforcement plies and rubber liners are described in detail in Chapter 2.2. Figure 16 ) show good agreement in the entire range of uniaxial tension.
Comparison of FE simulation and test experiment results
FE simulation and test experiment results at -40°C (
Figure 14. Strain in global X direction
Maximal strain arising in hose piece in the middle range between the steel plugs is 0.23 at a displacement of 30 mm (Figure 14) , which is considered significant.
Figure 15. Strain in material direction 1, ply1
Strain in material direction 1 in yarn coordinate system can be observed in Figure 15 . These strain values tend to be much lower than strains in material direction 1 due to high modulus of elasticity E1.
Shear strain in plane 12, having the same distribution as strain in material direction 1 has a predominant role in the structural behavior of hose piece under tension because of the load being off-axis to the yarn direction and shear moduli being relatively low. Normal strain in material direction 2, having the same distribution as shear strain in plane 12, is also considerably significant being the other strain component into which global longitudinal strain is transformed. Strains are almost equally distributed along reinforcement plies.
Stress components of hose piece in material direction 1, material direction 2 and in plane 12 have the same distribution as their strain counterparts.
Maximum strain and stress results for each reinforcement ply in the middle range of the specimen between grips are presented in Table 3 and Table 4 respectively. Results are listed at a displacement of 30 mm, therefore results can be compared to results at room temperature. Table 3 and 4 also contains results of FE simulation of hose piece at room temperature. 
Uniaxial tension of hose piece at room temperature
Arrangement of uniaxial tensile test experiment matches arrangement of the tensile test carried out at -40°C, moreover, hose piece is 150 mm long as well. FE model differs only in the aspect of material properties from the FE model of uniaxial tension at -40°C.
Material properties of reinforcement plies at room temperature are as follows: E1=1338 MPa, E2=E3=19 MPa, υ12= υ13=0.37, υ23=0.498; G12= G13= G23=6 MPa [13] .
Material properties of rubber liners are: C10= -0.4982 MPa, C01= 1.523 MPa, D=0 [1/MPa] [13].
Results of uniaxial tensile test experiment and FE simulation at room temperature
FE simulation and test experiment results at room temperature show good agreement in the entire range of uniaxial tension (Figure 16 ). Maximum strain and stress results can be seen in Table 3 and Table 4 in brackets. Strain results at -40°C and at room temperature are nearly identical in the case of strain in global X direction (εx), strain in material direction 2 (ε2) and strain in plane 12 (γ12). Strain in material direction 1 (ε1), strain at -40°C is twice as much as at room temperature. Stress at -40°C, in material direction 1 is 3.6 times, in material direction 2 is 3.3 times, in plane 12 is 3.3 times as much as at room temperature. The higher stresses at -40°C are attributed to the increased modulus of elasticity of rubber, stress components are nearly directly proportional to the modulus of elasticity of rubber.
Conclusions
Experimental and FE simulation results of standard test specimen and hose piece at -40°C and at room temperature in the entire displacement range are in good agreement with each other.
Strain values of standard test specimen at the point of rupture (displacement of 11.7 mm) at -40°C are nearly 0.9 times the strain values arising at the tension of hose piece at -40°C at a displacement of 30 mm. Stress values at -40˘C and at room temperature have the same proportion.
Strains arising in material direction 2 and in plane 12 in hose piece at a displacement of 30 mm, at -40°C have the same magnitude as at room temperature. Strain values in material direction 1, at -40°C are twice as much as values at room temperature. Strain values in material direction 2 and in plane 12 are much higher than strains in material direction 1.
Modulus of elasticity of rubber at -40°C is approximately three times the modulus of elasticity of rubber at room temperature. Stress components in reinforcement plies are approximately 3.3 times as much as those of room temperature on average. Slope of force-displacement curves of hose piece at -40°C is 3.4 times as much as the slope of that at room temperature. It can be stated that a change in moduli of elasticity (E2, E3) and shear moduli (G12, G23, G13) is directly proportional to a change in the modulus of elasticity of matrix (being rubber), thus a change in stress components is directly proportional to a change in modulus of elasticity of matrix.
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